Understanding life-history evolution requires knowledge about genetic interactions, physiological mechanisms and the nature of selection. For platyfish, Xiphophorus maculatus, extensive information is available about genetic and physiological mechanisms influencing lifehistory traits. In particular, alleles at the pituitary locus have large and antagonistic effects on age and size at sexual maturation. To examine how predation affects the evolution of these antagonistic traits, I examined pituitary allele evolution in experimental populations differing in predation risk. A smaller size, earlier maturation allele increased in frequency when predators were absent, while a larger size, later maturation allele increased in frequency when predators were present. Thus, predation favours alleles for larger size, at the cost of later maturation and reproduction. These findings are interesting for several reasons. First, predation is often predicted to favour early reproduction at smaller sizes. Second, few studies have shown how selection acts on alleles that affect age and size at sexual maturation. Finally, many studies assume that trade-offs between these life-history traits result from antagonistic pleiotropy, with alleles that positively affect one trait negatively affecting another, yet this is rarely known. This study unequivocally demonstrates that genetically based trade-offs affect life-history evolution in platyfish.
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INTRODUCTION
Variation in age and size at sexual maturation is common and can have important fitness consequences. Fitness benefits of earlier maturation at smaller sizes include a higher probability of surviving to reproduce and a shorter generation time ( Fisher 1930; Cole 1954; Roff 2002 ). Yet, early reproduction can result in lower initial fecundity and reduced offspring survivorship. Delayed maturation at larger sizes can thus have meaningful fitness benefits. Despite a considerable body of work, few studies have addressed why selection maintains genetic variation for the timing of maturation in vertebrates, and for none of the previous studies has the genetic basis of sexual maturation been well characterized.
In many systems, indirect evidence indicates that there is likely to be genetic variation in age and size at maturation. An important question in evolutionary biology is: why is such genetic variation maintained, given the profound fitness consequences of maturing earlier versus later? Addressing this question requires information on how selection acts not only on phenotypic traits but also on the genetic, physiological and phenotypic trade-offs that constrain how traits evolve (Stearns 1989; Harshman & Zera 2006) . For example, trade-offs between traits like age and size at maturation are often assumed to result from antagonistic pleiotropy, with alleles at a given locus affecting how energy is allocated between different alternatives. The genetic bases of these traits, however, are rarely understood, and even less is known about physiological mechanisms that cause different alleles to produce different life-history phenotypes. One notable exception is the platyfish, Xiphophorus maculatus, for which variation at the polymorphic, sex-linked pituitary locus (P-locus) controls the age at which the gonadotropic zone of the pituitary gland differentiates and becomes physiologically active, triggering gonadal maturation, and thus sexual maturation (Schreibman & Kallman 1977) . Nine P-alleles have been identified in platyfish and, depending on the P-genotype, the age at maturation ranges from two months to over a year (Kallman 1989) . Individuals with early P-genotypes mature at small sizes while individuals with late P-genotypes mature at larger sizes (figure 1). While age and size of platyfish at sexual maturation can be affected by environmental conditions, P-allele genotypes respond to environmental conditions as distinct classes (McKenzie et al. 1983; Stearns & Koella 1986) . The ultimate effect of P-alleles differs for the sexes: females continue growth after maturation, but male post-maturation growth decreases precipitously. P-alleles thus affect lifetime male size. Given that selection often reduces the variation for life-history traits, what maintains the genetic polymorphism at the pleiotropic P-locus?
Predation is an important source of selection affecting fitness in many organisms, but its effect depends on how prey size affects an individual's risk of being captured and eaten. If the risk is greater for larger individuals, then selection should favour early maturation and reproduction at smaller sizes, but if the risk is greater for smaller individuals, selection should favour delayed maturation and reproduction at larger sizes (Charlesworth 1994) . Studies have suggested that predation often favours smaller size (Reznick et al. 1990; Winemiller et al. 1990; Lafferty 1993 ), yet other studies suggest that larger size may reduce predation risk (Werner et al. 1983; Basolo & Wagner 2004) . Few studies, however, have experimentally addressed how size-related variation in adult predation risk directly affects alleles for age and size at maturation.
Wild platyfish populations differ in the level of risk from piscivorous fishes: some populations co-occur with predatory Cichlasoma spp. while others lack these fishes. I sampled wild populations and found that adult size was greater in populations sympatric with predators than in populations that are not (A. L. Basolo, unpublished data). This indirect evidence suggests that predation could favour P-alleles for later maturation at larger sizes. I tested this hypothesis directly with a laboratory evolution study.
MATERIAL AND METHODS
P-allele evolution was tested by establishing populations of platyfish with known P-allele genotypes. Genetically linked pigmentary alleles allowed the phenotypic identification of P-genotypes (table 1) . Pigmentary alleles do not appear to affect endocrine events (Kallman & Schreibman 1973) , and thus do not influence the effects of P-alleles on age and size at maturation. (Similar lines with linked pigmentary alleles were previously used to track allelic change during sex ratio evolution; Basolo 1994.) Genetic lines of the following P-genotypes were bred and divided (section C in the electronic supplementary material) across eight tanks: (i) early maturation, smaller sized female ( P 1 P 1 ); (ii) early maturation (11 weeks, on average), smaller sized male (P 1 P 2 ); and (iii) late maturation (16 weeks, on average), larger sized male (P 1 P 6 ). An equilibration period allowed the establishment of population age structure (figure 2: T0-T1). After 38 weeks, the P-allele frequencies in each population were quantified at T1 using the pigmentary alleles, and then a cichlid, Cichlasoma octofasciatum, originating from a platyfish field location, was randomly placed in four populations, producing four predatorpresent and four predator-absent replicates. The genotype frequencies of mature males were quantified twice over the subsequent 33 weeks (T2, 15 weeks; T3, 18 weeks). In addition, size was measured at T2. To control for density effects, after each scoring, the platyfish in the predator-present replicates were returned to a tank, but the platyfish in predator-absent replicates were reduced to the mean number in the predator-present replicates, retaining the replicate-specific P-genotype frequencies. (Also, refer to electronic supplementary material.)
RESULTS
The frequency of the later maturation, larger size P 1 P 6 -genotype was significantly greater in predatorpresent when compared with predator-absent replicates at T2 and T3 (T2, t 6 Z2.47, pZ0.048; T3, t 6 Z2.73, pZ0.034; figure 2 ). In addition, at T2, males (predator-present, x male massZ1.18 mgG 0.062 s.e.; predator-absent, x male massZ0.81 mgG 0.11 s.e.; t 6 Z2.86, pZ0.029) and females (predatorpresent,
x female mass Z1.81 mg G0.03 s.e.; predator-absent,
x female mass Z1.60 mg G0.06 s.e.; t 6 Z3.16, pZ0.020) were significantly heavier in the predator-present than in the predator-absent replicates. These results are consistent with the hypothesis that predation favours P-alleles for larger size and later maturation, and that this source of selection is sufficiently strong to counter the generation advantage of earlier maturation. Within the predator-present replicates, the P 1 P 6 -genotype increased in frequency, with a concomitant decrease in the P 1 P 2 -genotype frequency (T1 versus T3: paired t-test, t 3 Z6.32, p!0.008; figure 2). Although the P 1 P 6 -genotype frequency decreased in the predator-absent replicates, with a concomitant increase in the P 1 P 2 -genotype frequency, this change was not significant (T1 versus T3: paired t-test, t 3 Z1.57, pZ0.216), suggesting that additional sources of selection could be operating to maintain the larger, later maturation P 1 P 6 -genotype.
DISCUSSION
This study unequivocally demonstrates that, despite the generally accepted advantage of faster generation time, predation in platyfish favours later maturation and larger size alleles. The P-alleles thus have antagonistic pleiotropic effects ( Williams 1957) resulting in a trade-off between age and size at sexual maturation. This study also suggests that body size differences in wild platyfish populations (A. L. Basolo, unpublished data), and in the congener Xiphophorus helleri (Basolo & Wagner 2004) , are at least partly due to the differences in predation risk. Finally, the combined evidence supports the conclusion that opposing sources of selection, including generation time and predation, act on variation at the P-locus and probably contribute to the maintenance of the P-locus polymorphism.
A primary explanation for larger size in platyfish populations with predators is that there are structural constraints such that once prey reach a critical size xGs.e.) in predator-present (grey line) and predator-absent (black line) populations. T0, population establishment; T1, genotype frequencies quantified, followed by the introduction of predators to four populations. Changes tracked from T1-T3 (T1, nZ361; T2, nZ271; T3, nZ506).
Evolution of pleiotropic alleles A. L. Basolo 201 beyond the gape width of predators ( Werner et al. 1983) , platyfish are released from a high predation risk. Thus, by achieving larger sizes that make capture or consumption difficult or costly, predation risk is lowered. While this study demonstrates that natural selection via predation can favour alleles for larger size, this is probably not the whole story. Field studies with many systems indicate that multiple sources of selection simultaneously affect size evolution (Houde 1997; Quinn & Kinnison 1999; Hamon & Foote 2005) . For example, in many vertebrates, including Xiphophorus with P-alleles (Basolo 1998; A. L. Basolo & M. A. Nootz, unpublished data) , intra-and intersexual selection favour larger size; thus, sexual selection also probably plays a role in P-allele maintenance. Because changes in P-allele frequencies can be detected over relatively short periods, platyfish could prove useful for testing additional factors that might affect the evolution of age and size at maturation.
Despite numerous studies, there is no general rule governing how predation affects age and size at maturation. Even when the effects of closely related predators on closely related prey are investigated, opposite results are found. In the cichlid-guppy predatorprey systems (Crenicichla alta-Poecilia reticulata; Crenicichla saxatilis-P. reticulata), for example, predation favours smaller prey size (Reznick et al. 1990; Winemiller et al. 1990) , while in the cichlidplatyfish (this study) and cichlid-swordtail (Basolo & Wagner 2004 ) systems, predation favours larger size. This divergence between related taxa in the evolutionary response to similar sources of selection is enigmatic; comparative studies could prove useful for understanding factors that allow some species to escape predation by growing larger, and prevent other species from doing the same.
In many systems, there is variation in life-history traits, yet the proximate basis is poorly understood. For platyfish, more than 70 years of research has yielded a body of knowledge about phenotypic effects of many life-history and coloration loci. As a result, both genetic variation at the P-locus and physiological consequences of P-alleles have been characterized (Bao & Kallman 1982) . For platyfish, the opposing effects of a generation time advantage and a reduced predation-risk advantage probably contribute to maintaining the P-locus polymorphism. There is thus a trade-off between age and size at maturation resulting from antagonistic pleiotropy. As this study demonstrates, systems like the southern platyfish can provide a deeper understanding of the evolution of traits that are thought to be well understood. In addition, experiments using such systems with nearly Mendelian life-history traits are particularly promising because they allow the rapid detection of responses to selection, and thus could potentially improve our knowledge of how multiple factors interact to influence life-history evolution. Finally, these results may have implications for applied fields, such as fisheries.
Fish were collected and returned to the laboratory in accordance with procedures approved by the Ecosystems Management Unit, Belize Fisheries Department.
